Bulleyaconitine A, a diterpenoid alkaloid isolated from Aconitum bulleyanum plants, has been used for the treatment of chronic pain in China since 1985. Clinical studies show that the oral administration of bulleyaconitine A is effective for treating different kinds of chronic pain, including back pain, joint pain, and neuropathic pain with minimal side effect in human patients. The experimental studies have revealed that bulleyaconitine A at therapeutic doses potently inhibits the peripheral sensitization and central sensitization that underlie chronic pain and has no effect on acute pain. Bulleyaconitine A preferably blocks tetrodotoxin-sensitive voltage-gated sodium channels in dorsal root ganglion neurons by inhibition of protein kinase C, and the effect is around 600 times more potent in neuropathic animals than in naïve ones. Bulleyaconitine A at 5 nM inhibits the hypersensitivity of dorsal root ganglion neurons in neuropathic rats but has no effect on excitability of dorsal root ganglion neurons in sham group. Bulleyaconitine A inhibits long-term potentiation at C-fiber synapses in spinal dorsal horn, a synaptic model of pathological pain, preferably in neuropathic pain rats over naïve rats. The following mechanisms may underlie the selective effect of bulleyaconitine A on chronic pain. (1) In neuropathic conditions, protein kinase C and voltage-gated sodium channels in dorsal root ganglion neurons are upregulated, which enhances bulleyaconitine A's effect.
Introduction
Chronic pain affecting approximately one-third of the people worldwide reduces patient's life quality and working ability, seriously. 1 Pharmacotherapy is the first choice for treating the disease. While the currently used analgesics, including opioid, nonsteroidal antiinflammatory agents, tricyclic antidepressants, and antiepileptics, are only effective in a part of patients, with many side effects, such as addiction, tolerance, nausea/ vomiting, dizziness, and renal function damage, 2 the pharmacological treatment of chronic pain is largely unmet.
Bulleyaconitine A (BLA) is a diterpenoid alkaloid isolated from the rhizomes of Aconitum bulleyanum Diels by Kunming Institute of Botany, Chinese Academy of Sciences in 1980 ( Figure 1 ). The plant grows in the area of Yulong Snow Mountain (altitude 4 km) in Yunnan province of China. As BLA is shown to have potent analgesic effect in animals and human patients, it is proved to treat chronic pain resulting from rheumatic and rheumatoid arthritis, strain of lumbar muscles, and scapulohumeral periarthritis by China Food and Drug Administration in 1985. The three decades of clinical application show that the oral administration of BLA is effective for treating various forms of chronic pain without addiction, tolerance, nausea/vomiting, dizziness, and renal function damage. 3 To date, BLA is still the sole clinically used analgesic developed in China. To promote its clinical application and further development, the studies on mechanisms for the therapeutic effect of BLA on chronic pain are reviewed in this article.
The mechanisms underlying chronic pain
To understand the pharmacological effects of BLA, the mechanisms underlying chronic pain are reviewed briefly at first.
Classification of pain
Pain can be roughly divided into two main groups: nociceptive pain and pathological pain. The nociceptive pain, also called physiological pain or acute pain, is produced by noxious stimulation of normal tissues with normal somatosensory nervous system. 4 Nociceptive pain characterized by lasting short time and high threshold is an alarm signal to avoid further tissue damage. While the pathological pain is an abnormal pain resulting from injury or diseases and is subdivided into inflammatory pain and neuropathic pain. The pathological pain is manifested as allodynia (decrease in pain threshold), hyperalgesia (increase in response to noxious stimuli), and spontaneous pain. The pathological pain may persist for either short or long time. The shortlasting one is also protective, such as the local hypersensitivity produced by skin burning persisting for a few days is in favor of wound healing. Whereas, the pathological pain that persists for months, for years, or even for decades after injury or disease has been healed, for example, phantom pain and postherpetic neuralgia, only makes patients suffering without any benefit. 5, 6 The treatment of chronic pain remains a big challenge for pain clinicians.
Peripheral sensitization and central sensitization underlie pathological pain
Peripheral sensitization refers to a persist hypersensitivity of nociceptors or primary afferent fibers, which increases the inputs of pain signals from peripheral nerve to central nervous system (Figure 2 ). Under physiological conditions, pain is conducted by afferent Cfibers and Ad-fibers. Their cell bodies are located in dorsal root ganglion (DRG) or trigeminal ganglion. The thresholds of C-and Ad-fibers are much higher than those of Ab-fibers that conduct light tactile sensation, and therefore physiological pain can only be produced by noxious stimuli. In the pathological condition, however, not only C-and Ad-fibers become hypersensitive, Ab-fibers also conduct pain signals, leading to allodynia. 7 Under physiological conditions, the primary afferent fibers produce action potentials (excitation) Figure 1 . The Aconitum bulleyanum Diels growing in the area of Yulong Snow Mountain and the molecular formula of Bulleyaconitine A. only when peripheral tissues or nerves are stimulated. While in pathological conditions, spontaneous action potential discharges (also named ectopic discharges) can be recorded in afferent A-and C-fibers of animals 8 or human patients. 9 The ectopic discharges are resulting from the abnormal expression and/or dysfunction of voltage-gated ion channels in primary afferent neurons. Among them the voltage-gated sodium (Nav) and voltage-gated calcium (Cav) channels are intensively studied. Ten subtypes of Nav (Nav1.1-1.9 and Nax) have been found in DRG neurons. The experimental studies with various animal models of neuropathic pain show that all Nav channel subtypes (apart from Nav1.3) are downregulation in injured DRG neurons (see Wang et al. 10 for a review). While in uninjured DRG neurons, many of them, such as Nav1.3, Nav1.7, and Nav1.8, are upregulated. 11, 12 The data can explain why the uninjured afferents produce ectopic discharges following peripheral nerve injury [13] [14] [15] and injury to motor fibers by transection of L5 ventral root, leaving the sensory fibers intact, produces chronic neuropathic pain. 16 Studies show that tumor necrosis factor-a (TNFa; a pro-inflammatory cytokine) overexpression is necessary and sufficient for the upregulation of Nav in uninjured DRG neurons. 11, 17 While anti-inflammatory cytokine interluekin-10 (IL-10) inhibits the effect of TNF-a on Nav expression. 18 Cav channels are classified into three subclasses according to the amino acid sequence of a1 subunits: Cav1 (Cav1.1-1.4), Cav2 (Cav2.1-2.3), and Cav3 (Cav3.1-3.3) (see Dolphin 19 for detail). The N-type calcium channels (Cav2.2) are expressed in cell body and in central terminals of DRG neurons in spinal dorsal horn. 20, 21 Cav2.2 channels in the central terminals, which are critical for the release of neurotransmitters, are upregulated in neuropathic pain conditions and play an important role in chronic pain (see below). A recent work 22 shows that Cav2.2 channels are upregulated in the cell bodies of uninjured L4 DRG neurons but downregulated in injured L5 DRG neurons in L5-spinal nerve ligation (SNL) model. The upregulation of Cav2.2 increases the excitability of the uninjured DRG neurons. Interestingly, similar to the regulation of Nav channels the up-and downregulation of the Cav2.2 in uninjured and injured DRG neurons are also, respectively, mediated by TNF-a and IL-10.
Central sensitization indicates the persist increase in synaptic transmission in pain pathway, that is, long-term potentiation (LTP). The pathological meaning of the LTP is to amplify pain signals ( Figure 2 ). LTP in pain pathway is first found in spinal dorsal horn where the first order of synapses are formed in somatosensory circuits. 23, 24 Later, LTP is reported in anterior cingulate and in prefrontal cortex. 25 Research shows that LTP is mediated by the increases in both presynaptic neurotransmitter release and postsynaptic response to the neurotransmitters (see Zhuo 25 and Liu and Zhou 26 for detail). It is worth to note that the upregulation of Cav2.2 in central terminals of DRG neurons in spinal dorsal horn plays an important role for chronic pain. 27 Pharmacological blockage of the channel subtype attenuates neuropathic pain by the reduction of neurotransmitter release. 28 The mechanisms underlying analgesic effect of BLA In 1986, Tang et al. 29 reported that subcutaneous injection of BLA inhibits inflammatory pain evoked by formalin injection, the surface (skin) pain by noxious heat, or the visceral pain by intraperitoneal injection of acetic acid, as assessed with hot plate test, radiant heat method, and writhing test. The analgesic effect of BLA is much more potent than morphine. The effect of BLA can be abolished by reserpine that exhausts catecholamine but not affected by opioid receptor blocker naloxone. Importantly, repetitive application of BLA does not induce addiction and tolerance. Recent studies show that oral administration, 30 DRG local application, 31 and intrathecal injection 32 of BLA are effective for inhibition of neuropathic pain, bone cancer-induced pain, and chemotherapy-induced pain in rodents. Importantly, it has been reported that BLA has synergistic effect with morphine and can completely abolish the tolerance of morphine analgesic in rats. 32 
BLA blocks Nav channels in DRG neurons
The Nav channels that allow Na þ influx play critical roles for the generation and the conduction of action potentials in all neurons. At resting state, Nav channel is closed and can be opened by depolarization. Upon opening, the channel goes rapidly to inactivated state, during which the channels are also closed but cannot be opened again. 33 The drugs that act at different states of Nav channels exhibit various pharmacological effects. If a drug acts at open or inactivated channels, the blocking effect will increase gradually with repetitive opening. The phenomenon is called use-dependent or activity-dependent blockage. This is because the drug prevents channels from going back to resting state, leading to progressive decrease in the number of resting channels in cell membrane (Figure 4) . If a drug acts at resting state, it will not show such feature. The usedependent blockade enables a drug to selectively inhibit the Nav channels, which open with high frequency, and is important for the treatment of epilepsy 34 and neuropathic pain. 8, 31, 35 Wang et al. studied the effects of BLA on Nav channels in GH3 cell line expressing Nav1.1-1.3 and Nav1. 6 36 and in HEK293t cell line expressing Nav1.7 or Nav1.8 37 with patch clamp technique. To test the effect of BLA on resting Nav channels, the membrane potential is hold at À140 mV (to let Nav channels at resting state), and cells are stimulated once every 30 s by a brief test pulse to open the Nav channels. With use of this protocol, they found 5 min after BLA (10 lM) application, Na þ currents is not different from predrug control. When membrane potential is hold at À70 mV for 10 s (to inactivate Nav channels), BLA (10 lM) also does not affect Na þ currents. They therefore conclude that BLA affects neither resting nor inactivated Nav channels. When the cells were repetitively stimulated at 2 Hz (1000 pulse), however, the same dose of BLA reduced the Nav currents progressively, indicating that BLA use-dependently blocks Nav channels. Although the studies reveal that BLA is able to block Nav channels but cannot explain the analgesic effect of oral application of BLA. A pharmacokinetic study in rats shows that the peak plasma concentration of BLA is 17.8 nM (11.47 ng/ml) following a single oral administration of BLA at 0.36 mg/kg, 38 and oral BLA at 0.4 mg/kg is effective to inhibit neuropathic pain induced by paclitaxel in the same species. 30 Apparently, 10 lM is much higher than the plasma concentration achieved by therapeutic dose. A recent work shows that DRG local application of BLA at 1-10 nM is effective to reduce allodynia produced in L5-SNL. 31 In a recent work, using both L5-SNL and spared nerve injury (SNI) models of neuropathic pain, the effects of BLA on Nav channels of DRG neurons were studied systematically. 31 As Nav channels (except for Nav1.3) are downregulated in injured DRG neurons but upregulated in uninjured ones, in this work, the Na þ currents were recorded in L4-L6 DRG neurons of SNI rats (containing both injured and uninjured neurons) and in the uninjured L4 and L6 DRG neurons of L5-SNL rats before and after BLA application at different concentrations, and 50% inhibitory concentrations (IC 50 values) were calculated ( Figure 3) . The results show that BLA is able to block resting, inactivated Nav channels and the channels opening at high frequency. The effect of BLA on Nav channels has the following features: (1) The latency is longer than 5 min, and maximal effect appears at 10 min after application (Figure 3  (a) ). (2) The effect of BLA cannot be reversed by washing with vehicle for 15 min. (3) BLA cannot completely abolish Na þ currents even at high concentration, and the maximal inhibitory rate is around 80%. (4) For blockage of resting Nav channels on DRG neurons BLA is 688 times more potent on the uninjured neurons of L5-SNL rats and 113 times more potent in the neurons of SNI rats, compared to those in sham rats (IC 50 around 500 nM) (Figure 3(b) ). (5) The effect of BLA on inactivated Nav channels is 8-12 folds more potent than on resting ones. IC 50 values for resting and inactivated channels in different groups are shown in Table 1 . (6) BLA preferably blocks tetrodotoxin (TTX)-S channels over TTX-R ones. IC 50 values for resting and inactivated TTX-S channels are 1855 and 1843 times lower than those for TTX-R channels in the uninjured neurons of L5-SNL rats. (7) BLA use-dependently blocks Nav channels, and the effect is also most profound in L5-SNL rats, less in SNI rats and least in sham rats. Figure 4 shows the effect of BLA at IC 50 concentration on the resting Nav channels of an uninjured DRG neuron.
Effects of BLA on the excitability of DRG neurons (20-35 lm in diameter) in SNI rats and on Nav1.3, Nav1.7, and Nav1.8 channel subtypes expressed in cell lines were investigated in a recent work. 35 It has been shown that BLA at 5 nM is effective for inhibition of the hypersensitivity of DRG neurons produced by SNI. BLA reverses the decreased threshold and increased firing rate of action potentials of DRG neurons in SNI rats but does not affect the excitability of DRG neurons in sham rats. BLA also preferably inhibits TTX-S channels over TTX-R channels in SNI model, and effect is The use-dependent blockage of BLA on uninjured DRG neurons of L5-SNL rats. In the presence of BLA at IC 50 concentration (0.8 nM), the Na þ currents of same DRG neuron changes differentially to various frequency stimulation. The higher the frequency, the smaller the currents. much more profound for inactivated channels than resting channels. Consistently, in cell line, the effects of BLA on resting Nav1.3 and Nav1.7 are, respectively, 152 and 1203 times more potent than on resting Nav1.8 (IC 50 ¼ 150 lM). BLA also preferably blocks inactivated channels over resting ones expressed in cell lines ( Table 2) .
How can BLA preferably block TTX-S Nav channels in uninjured DRG neurons of neuropathic rats? The question was also investigated in the recent work. 31 The facts that the inhibitory effect of BLA on Nav channels has a long latency (>5 min) and cannot be washed out suggest that BLA may target at intracellular molecules that regulate the function of Nav channels. Indeed, intracellular application of BLA at IC 50 concentration with recording electrodes reduces Na þ currents by 20% within 2 min in DRG neurons of sham, SNI, and L5-SNL rats, compared to vehicle group. The data demonstrate that the target of BLA is really within the neurons, and then, what is it? Previous works show that the activation of protein kinase C (PKC) reduces Na þ currents in hippocampal 39 and cortical 40 neurons but enhances Na þ currents in DRG neurons. 41 Furthermore, PKC is upregulated in neuropathic pain conditions. 42 Therefore, it is possible that BLA may reduce Na þ currents by inhibition of PKC in the uninjured DRG neurons. To verify the hypothesis, at first, the intracellular application of PKC inhibitors (staurosporine and Go 6983) with recording electrodes was tested to inhibit Na þ currents. Indeed, the manipulation reduces Na þ currents, and the effect is most potent on uninjured DRG neurons of L5-SNL rats, less on those of SNI rats and almost no effect on those of sham rats. In consistence with the electrophysiological results, Western blots show that PKC is upregulated in uninjured L4 DRG neurons and downregulated in injured L5 DRG neurons in L5-SNL rats. The data demonstrate that peripheral nerve injury enhances Na þ currents in uninjured DRG neurons by the upregulation of PKC. To directly test that BLA may reduce Na þ currents by inhibition of PKC, the uninjured L4 and L6 DRG neurons isolated from L5-SNL rats were incubated with PKC inhibitors for 2 h, and then Na þ currents were recorded with microelectrode containing different concentrations of BLA, and IC 50 was calculated. This experiment shows that IC 50 of BLA for resting Nav channels is 472 nM in L5-SNL rats and 441 nM in SNI rats, which are comparable to that obtained when BLA is extracellularly applied in sham rats (516 nM) (see Table 1 ). The data indicate that the preferable effect of BLA on the uninjured DRG neurons is abolished by PKC inhibition. Moreover, in the uninjured L4 DRG neurons of L5-SNL rats, BLA preferably blocks resting TTX-S channel over TTX-R one (IC 50 values are 0.20 nM and 371 nM), while in the neurons pretreated with PKC inhibitors, IC 50 of intracellular BLA for resting TTX-S Nav channels is increased to 309 nM. That is, the preferable effect of BLA on TTX-S channels is also abolished by PKC inhibition. Taken together, the preferable inhibitory effect of BLA on TTX-S Nav channels of the uninjured DRG neurons is mediated by inhibition of PKC that is upregulated in these neurons following peripheral nerve injury ( Figure 5 ).
BLA inhibits the neuropathic pain and LTP at C-fiber synapses in spinal dorsal horn induced by paclitaxel
Paclitaxel, a first-line anticancer agent, is commonly used to treat solid tumors. However, similar to other chemotherapeutic agents, paclitaxel induces peripheral neuropathy in 64% of patients, manifested as paresthesias and severe pain in foot and hands. 43 At present, no effective treatment is available. BLA was tested to treat this form of neuropathic pain in rats. 30 Intraperitoneal injection of paclitaxel (2 mg/kg, on alternate days for four times) induces mechanical allodynia and thermal hyperalgesia in rats. The single oral administration of BLA (0.1, 0.4, and 0.8 mg/kg) attenuates the abnormal pain behaviors, dose-dependently. Chronic oral application of the drug (0.4 and 0.8 mg/kg, three times a day for seven days) during or after paclitaxel treatment produced a long-lasting inhibitory effect on thermal hyperalgesia but not on mechanical allodynia.
To investigate the central mechanisms underlying BLA' s antineuropathic pain effect, the efficacy of synaptic transmission in spinal dorsal horn is assessed by recoding the field potentials evoked by the stimulation of afferent A-fibers and C-fibers in naı¨ve and paclitaxeltreated rats. The field potentials evoked by C-fiber but not by A-fibers are significantly potentiated in paclitaxeltreated rats. Furthermore, the magnitudes of LTP induced by the same conditioning stimulation (40 V, 0.5 ms, 100 The times indicate fold differences in IC 50 between resting and inactivated states. The digits in round brackets indicate fold differences in IC 50 , compared to Nav1.8.
Hz, given in four trains of 1 s duration at 10 s intervals) in paclitaxel-treated rats are 50% higher than those in naı¨ve rats. The data indicate that paclitaxel potentiates synaptic transmission and facilitates LTP in pain pathway. Importantly, spinal application of BLA (0.8, 8 or 80 lM) at recording segments dose-dependently inhibits LTP of Cfiber evoked field potentials, and the effect is more potent in paclitaxel-treated rats than naı¨ve rats. BLA inhibits both early phase and late phase (>3 h) LTP. 44 Accordingly, BLA may preferably inhibit the central sensitization in pathological pain. As mentioned above, the increase in both presynaptic release and postsynaptic response underlie LTP. To determine the mechanisms underlying the inhibitory effect on the spinal LTP by BLA, miniature excitatory postsynaptic currents (mEPSCs) were recorded in spinal cord slices prepared with paclitaxel-treated rats than naı¨ve rats. The mEPSC is produced by spontaneous presynaptic neurotransmitter release. The frequency of the mEPSC reflects the probability of presynaptic release and its amplitude the magnitude of postsynaptic response to the released neurotransmitter. It is shown that the frequency but not the amplitude of mEPSCs in paclitaxel-treated rats is higher than that in naı¨ve rats. BLA at 0.5 lM inhibits the enhanced mEPSC frequency by paclitaxel but has no effect on its amplitude. 30 As has been noted, the N-type calcium channels, which are critical for neurotransmitter release, are upregulated in spinal presynaptic terminals. Studies show that the N-type calcium channel blocker (Omega-conotoxin MVIIA) is able to inhibit paclitaxelinduced neuropathic pain. 45 Our unpublished data show that BLA also blocks calcium channel in DRG neurons. It is possible that BLA may inhibit presynaptic release and attenuates neuropathic pain by blockade of N-type calcium channels in spinal dorsal horn. Further studies are needed to verify the hypothesis.
BLA is also shown to attenuate neuropathic pain by stimulating dynorphin A expression in spinal microglia, and the dynorphin A exerts its effect by the activation of j opioid receptors. 32 Further studies are needed to evaluate the effects of BLA on glial cells and the gliotransmitters.
Conclusions and prospects
The oral administration of BLA has been used for the treatment of various forms of chronic pain in China for more than 30 years. Animal studies have demonstrated that BLA at therapeutic doses preferably inhibits the peripheral and central sensitization, which underlying chronic pain, and has little effect on acute pain. BLA selectively blocks TTX-S Nav channels in DRG neurons via inhibition of PKC, and the effect is 680 folds more potent in neuropathic rats than in sham rats. BLA also preferably inhibits the spinal LTP in neuropathic rats over naı¨ve rats. The following mechanisms may underlie the selective inhibitory effect on neuropathic pain. (1) The upregulation of PKC, Nav, and Cav channels in DRG neurons and their central terminals increases the sensibility to BLA. (2) The use-dependent blockade of BLA on Nav channels enables the drug to selectively block the ectopic discharges, which are critical for neuropathic pain. (3) Microglial activation and dysfunction are important for chronic pain but is irrelevant to nociceptive pain, 46 BLA attenuates neuropathic pain by the modulation of microglial functions. Together, BLA inhibits chronic pain by acting at multitargets. It is possible that new targets of BLA will be found in the future studies. A single compound acting at multitargets may be BLA's advantage for the treatment of chronic pain.
At present, only oral form of BLA is available in clinic. Animal studies show that local injection 31 or intrathecal injection of BLA 32 potently inhibits neuropathic pain. Intrathecal application of Ziconotide, a specific N-type calcium channel blocker, is proved in the United States for the treatment of severe chronic pain. The injection form of BLA is needed to treat chronic pain. Up to date, opioid is still golden standard for the treatment of server pain. However, repetitive application of opioid leads to tolerance (decrease in analgesic effect). To achieve the effective analgesic, the dosage of opioid enhances progressively, leading to aggravation of the side effects or even death. The tolerance together with the addiction of opioid leads to over 33,000 deaths per year in the United States, the situation called opioid crisis. 47 Fortunately, an animal study shows that BLA has synergistic effect with morphine and can completely abolish morphine tolerance. 32 Further studies are needed to verify the antitolerance effect in human patients and to elucidate the underlying mechanisms. The synergistic effect of BLA with other first-line analgesics should also be investigated in the future.
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